
THIS REPORT HAS BEEN DELIMITED 

AND CLEARED FOR PUBLIC RELEASE 

UNDER DOD DIRECTIVE 5200.20 AND 

NO RESTRICTIONS ARE IMPOSED UPON 

ITS USE AND DISCLOSURE, 

DISTRIBUTION STATEMENT A 

APPROVED FOR PUBLIC RELEASE; 

DISTRIBUTION UNLIMITED, 



*•*' "T 

ervices Technical Information (1 
4 

Because of our limited supply, you are requested to return this copy WHEN IT HAS SERVED 
YOUR PURPOSE so that it may be made available to other requesters.   Your cooperation 
will be appreciated. 

NOTICE:   WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA 
ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED 
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS 
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE 
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE 
SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY 
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER 
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE, 
USE OR SELL ANY PATENTED INVENTION THAT"MAY IN ANY WAY BE RELATED THERETO. 

i 

Reproduced    by 

DOCUMENT SERViCI CENTER 
KNOYT BUILDING. DAVTOK. 2. OHIO I 

Lf^JT   ML!_i„. pj|i .   mi 



rStf"   si" 

THE STRUCTURE AND ACTIVITY OF 

CATALYTICALLY ACTIVE SOLIDS 

SIXTH TECHNICAL REPORT 

Project NR 051   143 

Contract N7 onr-45003 

Period Covered: 1 October 1953 to 31 August 1954 

by 
P. W.  SELWOOD 

STEPHEN  ADLER 

T. R.  PHILLIPS 

The Department of Chemistry 

Northwestern University 

Evanston, Illinois 



- I 

j! 

i-rf-.' 

THE STRUCTURE AMD ACTIVITY OF 

CATALTTICALLY ACTIVE SOLIDS 

SIXTH TECHNICAL REPORT 

Project NR 051 H3 

Contract N7 onr-45003 

Period Coveredi 1 October 1953 to 31 August 195U 

by 

P. V. SE',WOOD 

STEPHEN ABLER 

T. R. PHILLIPS 

The Deportment of Chemistry 

Northwestern University 

Eranston, Illinois 



il 

This report on the thermomagnetic analysis of reduced nickel-silica 

eoprecipitated catalysts is presented in manuscript form for submission to the 

Journal of the American Chemical Society* 
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THERMDMMJNETIC ANALISIS OF SUPPORTED HICKEL CATALISTS1 

By 

P. V. Selvood, Stephen Adler, and T. R. Phillips 

A preliminary communication concerning this work appeared in This Journal, 76, 
2231 (1954). 
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Abstract 
i 

Thermoraagnetic curves for certain supported nickel catalysts show no sharply 

I 
defined Curie point* The form of these curves has been related to particle size 

!      effects, and has been made the basis of a method for obtaining particle size dis- 

tribution in the region of diameters below 50 Ac The method agrees with x-ray 

i      line width broadening results in the range of overlapping applicability. The 

method may be used to study the rates of reduction and of sintering* 
i 

It has been found that highly dispersed nickel particles show a change of 

magnetization on exposure to certain gases. Hydrogen produces a decrease of 

magnetization as does ethylene, while oxygen and nitrogen produce an increase. 

These effects produced by cnemisorbed gases have been interpreted in terms of 

electron interactions between nickel and adsorbed gas. 

i 

• 

Introduction 

2°4 
Michel    has shown that the slow reduction of certain catalysts and catalyst 

j  ^ 

Ae Michel. Ann. chinu, 8, 317 ^1^7). 
j 
A. Michel and M. Gallissof, Compt. rend., 206, 1252 (1938)<> 
4 
A. Michel, R. Bernier, and G. LeClerc, J. chim. phys., 4-7, 269 (1950). 

components containing nickel may lead to anomalous thermoraagnetic curves which 

possess no unique Curie point. These curves have been interpreted by Michel as 

being related to imperfect crystallization of the nickel, and have been made the 

basis for curves showing the distribution of particle sizes as these are in- 

fluenced by changing temperature of reduction. This work is of considerable 

importance in catalysis because it affords an estimate of particle sizes in the 
e 

region of diameters below 50 A. and hence cf increasing surface area and, 

-..--* 
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presumably, of catalytic activityo Such particle sizes are difficult to study by 

other methods* 

The present work extends Michel's observations and places the interpretation 

on a more nearly quantitative basis• During the course of the work it was found 

that chemisorption of certain gases by particles of nickel in the lowest diameter 

region could appreciably modify the electronic state of the nickelo This obser- 

vation provides a new and powerful tool for the study of chemisorption, and its 

J: 
Experimental 

All determinations of specific magnetization were made either on the recording 

5 6 
thermomagnetic balance or on a Parady balance similar to that previously described 

R<, Po S. Robertson and Po Wo Selwood, Rev. Sci„ Instr. 22, 146 (1951)» 

6 
P. E. Jacobson and P. W„ Selwood, This Journal, 76, 2641 (1954)» 

but with the additioa of an appropriate sleeve furnace, and with the substitution 

of a beryllium bronze spiral spring instead of a silica spiralo The sample tube 

of the recording balance was modified so that the sample could be magnetically 

examined after reduction without exposure to air, and measurements could be made 

in vacuum or in any particular gasB The thermomagnetic curve for massive nickel 

was obtained as a reference standardo Throughout this paper the term "massive" 

will be used to designate pure polycrystalline metal showing a sharp x-ray 

diffraction pattern, negligible specific surface, and normal magnetic properties. 

This will be contrasted with "disperse" metal showing a diffuse x-ray pattern, large 

specific surface^ and the abnormal magnetic properties described in the,paper* by 

Michel£ 

Surface areas were measured by gas adsorption and calculated by the usual 

Be E« To Mithode 

' '  •    effect on the catalyst^ under conditions in which catalytic  activity is actually 

being shown. 

1.1 
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but the results were essentially the samec 

3 

X-ray measurements were made on a North American Philips recording x-ray 

spectrometer. 

Catalytic activities were compared for the hydrogenation of benzene, at 121°<> 

Weight of catalyst, reduction conditions„ and -pace velocity were tne same for all 

runs* Hydrogen was bubbled through thiophene-free benzene and the product collected 

in 1 hour was analyzed refractometricallyo Procedure was to reduce each sample in 

situ at 350°, and then to sinter progressively in purified heliua up to 550°. 

One sample was treated with purified carbon monoxide for U hours at 50°, after re- 

duction. Some nickel carbonyl was formed, as the burning exit gases formed a 

nickel mirror at the jeto 

Most of the catalyst samples were prepared by reduction of nickel silicate 

7 
gel, made in a similar method to that of Van Eyk Van Voorthuijsen and Franzen 

Jo Jo Bo Van Eyk Van Voorthuijsen, and Po Pranzen, Rec. trav. chim. 70, 793 (1951)« 
| 

and designated in their paper CLA-5 %21o 

i 

A: 0o2 molar solution of sodium silicate was prepared, to which was added 

Ao2go NaOH pellets for each 100 mlo of solution, and the mixture boiledo A boiling 

solution of 0o7 molar nickel nitrate solution was slowly added to this with 

continuous stirring, and a green gel was formed. The nickel nitrate solution was 

prepared by the dissolution of nickel, eleetrodeposited from reagent grade nickel 

sulfateo The gel was washed with distilled water, dried at 105° for 36 hours, 

and powderedj it was stored over magnesium perchlorateo 

The nickel contfint (42ol£) was determined by dissolution of the gel in hydro- 

fluoric acid followed by the addition of concentrated sulfuric acid, and boiling 

to expel silicon tetrafluorideo The solution was then diluted, and the nickel 

plated on to weighed platinum electrodeso 

A few experiments were made with a catalyst of a lower nickel content (33ol/£) 

u  
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The catalyst was prepared by the reduction of pellets of the gel, either in 

the magnetic apparatus or in the surface area apparatus in a stream of hydrogeno 

A few experiments were also made with impregnated alumina catalysts prepared 

as described by Selwood and Hill , with a nickel-containing cracking catalyst 

Fo No Hill and P„ W„ Selwood, This Journa.-  71, 2522 (1949)» 

obtained through the courtesy of Dean Ho So Taylor, and with an evaporated nickel 

film on glass provided by Dr» Hugh Rowlinson.. 

Experimental Results 

Thermomagnetic analysis<, -  Initial experiments indicated that the supported 

catalysts were difficult to reduce in comparison with pure nickel oxide or hydroxide^ 

the latter could be quantitatively reduced in hydrogen at 250® in 16 hours, whereas 

the supported material did not show any ferromagnetism after such treatmento 

Measureable reduction took place at temperatures above 300°, and typical thermo- 

magnetic curves are shown in Figo lo For samples obtained at the lower reduction 

temperatures, there was a gradual decrease in the specific magnetization with 

rising temperature of measurement, with no evidence of a sharply defined Curie 

temperatureo But as the reduction temperature var raised, the thermomagnetic 

curves increased their resemblance to that of massive nickel» 

It is sometimes considered that the extent of reduction in a supported iron, 

cobalt, or nickel catalyst may be obtained by comparing the observed and expected 

ferromagnetism developed per gram of total metal in the catalysto That this 

procedure must be used with caution is clear from the following in which the above 

thermomagnetic results are separated into the effect of reduction on the one hand, 

and the effect of sintering on ths other* Figo 2  shows thermomagnetic curves 

for a nickel-silica sample reduced for 16 hours at 350°, and then sintered in 
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purified helium, at progressively higher temperatures» Pigo 3 shows that a sample " 

reduced at 270° for 66 hours exhibited only a trace of ferromagnetism at room 

temperature,, but if this sample was now sintered in vacuum a substantial ferro= 

magnetism developed. These results show that extensive reduction may take place 

at moderate temperatures without appreciable ferromagnetism appearingj, but if the 

sample is then strongly sintered the thermomagnetic curve becomes essentially 

that of massive nickel* This phenonemon suggest an accurate magnetic method for 

determining degree of reductiom The partially reduced sample is sinteredo The 

specific magnetization per gram of total nickel at room temperature is then com- 

pared with that of massive niekelo By this method a sample heated in hydrogen 

at 350° for 16 hours was found to be <jO% reducedo A direct measure of the 

catalyst sample gain of weight when it was heated in oxygen suspended on a silica 

spiral balance showed that reduction must have been 92<>5%  complete 0 

Michel and his coworkers have postulated that the anomalous thermomagnetic 

curves are produced by the presence of small particles of nickel which do not 

have a unique Curie temperature, but rather that the Curie temperature is 

dependant on the size of the particleo In the sintering experiments, there is 

presumably no change in the amount of metallic nickel present, so it might be 

expected that the specific magnetization of sintered and unsintered samples 

would have the same value<>  The fact that they do not have the same value at 

room temperature implies that some nickel in the unsintered sample has a Curie 

temperature range below room temperature, and it is only when the temperature is 

lowered sc th?t all the nickel DSCOKCS ferromagnetic, that the specific magnetization 

of sintered and unsintered samples will become equalo This was confirmed, as shown 

in Figo 4»y where the extrapolated thermomagnetic curve for an unsintered sample 

was found to coincide with that for a sintered sample at 0°Ko This further shows 

that though the Curie temperature of a small particle may vary with its dimensions, 

the very low temperature specific magnetization retains constant for particles of 
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all ai:i«sj othervri.se, thn two curves could not have coincided. 

Once a sample had been sintered, it was impossible to obtain the original 

thermomagnetic curve by oxidation followed by another reduction; the curve 

obtained on making this experiment was that given by the sintered samples Further- 

more, if a partially reduced and sintered sample was further reduced it was of 

interest to know whether the further reduction took place through the growth of 

nickel nuclei already present, or whether new metallic nuclei were formed 0 That 

the former actually took place is shown by Fig. 5* The magnetization due to the 

freshly produced nickel, which was found by subtracting the initial values from 

the final result, was of the massive nickel types 

The influence of the method of preparation on dispersion of the nickel is 

shown by the thermomagnetic curve for a 3.9^ nickel on a silica-alumina cracking 

catalysts The nickel was deposited on this catalyst by an impregnation procedure 

and it gave the thermomagnetic curve of massive nickeln Some of the coprecipitated 

catalysts containing ten times as much nickel gave, as described above, the curve 

characteristic of disperse nickels This is not to say that impregnation always 

yields massive nickel, because certain nickel-kieselguhr samples prepared by im- 

pregnation indicated a fairly high degree of dispersions  The influence of 

procedural detail in catalyst preparation is shown in Figs 6 where two samples 

containing 1<$ nickel on gamma alumina are compared* One sample was prepared by 

a single impregnation step from a fairly concentrated nickel nitrate solution, 

followed by the usual ignition and reductions The other sample was prepared by 

repeated impregnation, and ignition, but with the use of dilute nickel nitrate 

solution until the 10^ nickel concentration was reacheds Thermomagnetic curves 

on these two samples obtained under several reduction conditions clearly show 

the more effective dispersion obtained by repeated impregnations 

A nickel film prepared by evaporation on to Pyrex glass gave the magnetic 

curve of massive nickel only0 

1 
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Attempts ware made to obtain disperse nickel by the very slow reduction of 

pure nickel oxide or hydroxide«. Massive nickel was obtained in every case except 

for a slight diminution in sharpness of the Curie pointo 

Influence of absorbed gases« - It was found that the thermomagnetic curves for 

disperse nickel were appreciably changed by changing the atmosphere surrounding 

the sample,. If9 for instance, a measurement of magnetization were made at room 

temperature in hydrogen, and the sample was then flushed with purified helium, a 

small but definite increase of magnetization took place. The effect was reversiblec 

Similar effects were observed when vacuum was substituted for the helium,, The 

maximum diminution of magnetization observed at room temperature on exposure to 

hydrogen occurred instantaneously and amounted to about 2<$>  o But the increase 

9 
Later experiments by Mr. Virgil Kurfman in this laboratory have shown effects of hydrogen 
amounting to nearly 5($>» 

in magnetization on removal of the hydrogen by vacuum or by flushing with helium 

occurred more slowly and was not complete until the sample had been heated to 

about 200°o No effect of hydrogen wa3 observed in one observation made at liquid 

nitrogen temperature. 

The drop in magnetization on exposure to hydrogen was found to be dependent 

on degree of sintering as shown in Table 1. 

Table I 

Effect of Hydrogen on Magnetization of Nickel Catalyst as a Function of Catalyst 
Pretreatment 

Catalyst Treatment % Decrease in Magnetization 

H2 reduction AS hours at 3C0° 20 

Same plus 1 hour in He at 600° 10 

Same plus 1 hour in He at 700° U 
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The effects produced by other gases were also briefly investigated. Nitrogen 
i 

produced an increase of magnetization over that found in vacuum or heliunu To 

I       observe the maximum effect the sample had to be heated moderately in the presence 

of the nitrogen. Figo 7 shows a sequence of results starting with the sample 

freshly reduced in hydrogen, then exposed to nitrjgene Comparable results were 

obtained if the sample were evacuated to remove hydrogen before the exposure to 

nitrogen*, Exposure to hydrogen of a sample previously exposed to nitrogen resulted 

in a sharp drop of magnetization; this drop became even larger when the sample was 

heated moderatelyo 

. 

Oxygen was found to increase the magnetizationo Exposure to pure oxygen or 

to air at room temperature resulted in almost instantaneous oxidation with loss 
i" 

of all ferromagnetisnu But tank helium containing 0O2A oxygen  proved very 

^ ...... 

As found by Miss Jean A„ Sabatka in this laboratory.) 

satisfactory for demonstrating the anticipated increase of magnetization produced 

by chemisorbed oxygen <, 

Ethylene was found to reduce the magnetism*, but only on heatingo A drop of U& 

(at room temperature) was observed on heating in ethylene at 175° for two hourso 

Further heating in helium at 4-50° for 45 minutes restored most of the loss<> There 

was no effect produced by exposure to ethylene at room temperature and only very 

little at 60*o The possibility must be considered that at the elevated temperature, 

the ethylene had dissociated into hydrogen atoms and an acetylinic type of residue, 

and that the effect observed was due to the hydrogen*, 

No reversible effects were found with boron trifluoride, iodine vapor, or 

sulfur dioxideo Benzene vapor, carried in helium, gave no measureable effect up 

to 100cu A mixture of benzsns and hydrogen at IOC" gave only the decrease of 

magnetization observed for hydrogen alosoo At this temperature the nickel is 

actively catalyzing hydrogenation of the benzene» 

j.-i.'tanjM 
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X=ray resultso - Powder patterns of the catalyst samples were obtained where the 

angles of Incidence for diffradtionp the observed lattice spacings and the re- 

lative intensities of incident and diffracted rays corresponded well with values 

11 
given in the literature o 

IT ————~ 
A0S0T0M0 X-ray diffraction Data card, No<> 3379» 

The diffracted peak when 2 6* 44°7° (where 6 = angle of incidence) was 

examined for several sintered samples, to determine the size of the nickel particles 

by line broadening calculations0 The region of two or three degrees on either side 

of the above value was scanned and the time required to receive 6400 pulses 

measured with a stop watcho The half width, B, (ioe<>, the width of the peak at 

half its maximum intensity) is related to the mean linear dimension, _/u »  of the 

diffracting particle by the relation * J\_   = K \  / B cos 6, where K is a 

Jo Bouman X-ray Crystallography, Interscience Publishers, Inc0, N0Y», page 59 ffo 
(1951)O 

constant equal approximately to unity, A is the wavelength of the radiation 

(lo541 A), and 6 is the angle of incidence at the maximum intensity of diffraction 

(6 a 22o4®)<. Calculation gave the data shown in Table IIo 

Table II 

Effect of Sintering on X-ray Line Width and Particle Diameter 

Sintering tempo "Co B (radians) Particle diameter (A) 

450 OoOM5 38 

500 Oo0305 55 

550 0*0237 70 

650 O0OII3 150 

Standard Nickel O0OO68 250 

1 

1 
: 

I 

* 
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Adsorption measurements.* - Adsorption measurements were made on the catalyst samples 

with nitrogen and with carbon monoxide , and surface areas per gram of" nickel were 

calculated according to the BoE.To procedure.) The samples were reduced in a ] 

stream of hydrogen in the adsorption apparatus, which was then evacuated and the 

sample tube sealed off. Evacuation was continued overnight at 200- 300°, and 

then the sample was immersed in liquid niti3gen and the nitrogen adsorption iso- 

therm obtained* Overnight heating and evacuation were then repeated, and the 
< 

volume for monolayer adsorption of carbon monoxide determined at liquid nitrogen 

temperatureso The liquid nitrogen coolant was then replaced by one of CC1^-CHC13° 

'Solid C02 and the system evacuated for at least another 8 hours« This removed 

physically adsorbed carbon monoxides, and the volume removed was determined by a 

final carbon monoxide adsorption at liquid nitrogen temperatures° If V. was the 

first volume of CO adsorbed, and V2 the second, the surface area, A, of the 

nickel is given by A • T (V1-Va)/V1 where T is the total area determined from 

the adsorption of nitrogen., The results were not very reproducible, but the order 

of magnitude was given, as shown in Table III. 

Table III 

I Surface Areas of Nickel Obtained by Carbon Monoxide Chemisorption 
i r 

e Treatment               Total Area, T 
MVg 

Unreduced 24* 

Reduced 15 hours at 350° 185 

Reduced 42 hours at 350° 228 

Reduced 15 hours at 350° then 
heated 1 hour in vacuum at 550° 177 

Reduced 15 hours at 365° then 
heated 1 hour in vacuum at 4-50° 189 

Area of Nickel, A 
MVg 

75 *3 

59»8 

3lo5 

Some attempts were made to obtain two surface area measurements on samples, one 

after reduction, and another after sintering the sample in situ in the apparatus. 

...-.• 

am 
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These met with no success as It was found that carbon monoxide treatment bed a 

profound effect on the surface area of the catalyst* On pumping off the adsorbed 

carbon monoxide, and evacuation and heating, there was a very large reduction in 

th» surface area, even if the original reduction temperature were not exceeded. 

The effect is probably a result of carbonyl formation, but its precise mechanism 

is not understood. 

Catalytic activities. - Activities obtained for reduced nickel silicate catalysts 

and for the same at several stages of sintering are shown in Table 17. 

Table IV 

Activity (% Ifydrogenation of Benzene) for Ni-Si02 Catalysts Reduced at 350° and 
Sintered as Shown 

Sintering Temperature Activity 

350 91.4 

350 100.0 

i 
If- 

j          400 

!          425 

89.0 

39.2 

450 39.8 

'• 

450 44-4 

475 1.4 

475 0.0 

'• 500 2*2 

> 500 1.3 

• 
550 1.4 

350 (after CO treatment) 99.4 

\ \ 

.1 _1 
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Discussion of Results 

In a ferromagnetic substance the Curie temperature is believed to depend 

directly on the coordination number, z, with respect to atoms of the same kinds 

In nickel, as for any close-packed structure, z = 12. But if the nickel particles 

are very small it is perhaps legitimate to consider the average coordination num- 

ber, z, as being appreciably less than 12', because those atoms on the surface 

have less than a complete atomic neighborhood. 

Neglecting other possible influences on the magnetic properties of the nickel 

•we may write T/Tc = T/63I
0 = z/l2. Where T is the Curie point of a particle for 

which the average coordination number is z, and Tc = 631° is the Curie point for 

massive nickel* 

Thus, in the unsintered catalyst, there is a preponderance of particles which 

have an average coordination number less than 12. Furthermore, as there is no 

sharp break in the thermomagnetic curve, it is concluded that there is present an 

extended range of particle sizes. On sintering the samples, the number of particles 

of larger size increases; this is confirmed by the data from the line broadening 

of x-rays. The change in shape of the thermomagnetic curves on sintering may 

therefore be ascribed to the change in profile of the particle size distribution, 

taid it should be possible to obtain this distribution from the magnetic data. 

By construction of a cork ball model, the average coordination number of the 

atoms in a particle containing n atoms and of diameter d may be estimated.  It 

was impractical to build modelr with larger average coordination number than 9«5, 

so for larger values of z, it was assumed that the particles were spherical, and 

the z value was calculated. The number, n, of nickel atoms in a sphere of radius 

r is found by dividing the volume of the sphere by the effective volume of one 

nickel atoa, 5»66 a* for close packed structures, where a is the ra '.ius of the 

atom. Thus for nickel  n • Uh "fT r3    a 0.379 r'« If the sphere is large, 
5.66 (1.25)3' 

the surface may be approximated to a flat close packed layer of nickel atoms of 
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area A • WM**  • As the particles become larger the average coordination number 

may be estimated without reference to particle shape by consideration of the fact 

that for each surface atom z = 9, while all other atoms have a normal coordination 
13 

number > of 12* 

13 
-S.?oIdler9 Doctorate Thesis in Chemistry, Northwestern University, 1954. 

I Fig. 8 gives the relations, determined as above for Curie point, average 

coordination number, number of atoms in particle, and diameter of a spherical 

particle. 

Interpretation of the thermomagnetic curves then follows the following pro- 

ceduret The data are first replotted as Q   /Q  where Q    is the observed 

specific magnetization of nickel in the catalyst sample, and rt~ is the specific 

magnetization of massive nickel at the same temperature. Then the quantity A Q/^o 

as shown in Fig. 9 represents that fraction of the nickel mass having a Curie point 

in the range A T and hence being present in particles larger than the diameter 

represented for T in Fig. 8. Similarly, the slope of ^/^L •*• temperature gives 

directly the weight fraction of nickel with Curie points in a one degreo range, 

as was done by Michel. These data may then readily be replotted as weight 
e 

fraction of particles with diameters within the range of + 0.5 A. Fig. 10 is a 

curve showing distribution of particle sizes in a sample at several stages of 

sintering.  It will be noted that for all the nickel to be represented by thiB 

method it is essential that Q/C£ • 1 at absolute zero. With the limited ex- 

perisental data so far available this seems to be true. 

Within the overlapping range of applicability it will be seen that the 

magnetic method yields particle diameters in good agreement with the x-ray method 

of line width broadening.  It is also possible to calculate surface areas from 

. the distribution of particle sizes, again assuming spherical particleso  The 

results of this calculation are shown in Table V. 
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Table V 

Surface Area of Niokel Computed from Magnetic Data 

Sintering Temp, Area 
°C m2/g 

350 1456 

450 1185 

550 970 

600 477 

These areas are considerably larger than those estimated from the gas adsorption 

studieso But this is to be expected because the adsorption method does not allow 

for any of the nickel being inaccessible to the gas molecules. 

The effects of chemisorbed gases in changing the magnetic properties of the 

dispersed nickel are attributed to electronic effects within the nickel particle<> 

It is believed that nickel has an average of 0,6 electron hole3 per atom in 

the d-bando The parallel coupling of unpaired electrons resulting from this 

deficit causes ferromagnetic phenomena. For the case of nickel, if extra electrons 

are introduced into the metal, the specific magnetization may be expected to fall, 

and if some are withdrawn, an increase will occur. Thus it is postulaiea that 

hydrogen on adsorption, acts as an electron donor, while nitrogen and oxygen 

withdraw electrons from the metal.  The effect is not normally noticeable, as 

the area of surface to volume is too small, and insufficient electrons are added 

or withdrawn from the material to produce any effect. The larger the size of the 

particle, the smaller the expected effect, and this is actually observedf  as 

shown in Table I, It is possible that a very small particle could become com- 

pletely non-magnetic on adsorption of a raonolayer of hydrogen atoms, each of which 

would donate an electron to the nickel.  It is to be noted that these observations 

give a powerful new method for studying the electronic consequendes of chemi= 

sorption on metalso The interpretation offered for the effect described is 
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H 
parallel to that suggested by Suhrmann and Sachtler  for the change of work 

u 
R* Suhrmana and W. Sachtler, Z* Naturforsch., 9(a), H (1954)< 

functioa produced by chemlsorbed gases on metals» 

The fall of catalytic activity near sintering temperatures of 450° is 

accompanied by other changes in properties of the catalyst} below this temperature 

the catalyst re-oxldizes very vigorously when exposed to air, but is relatively 

stable above* Also, at this temperature there is a sharpening of the x-ray 

diffraction pattern and the thermomagnetic curves begin to become convex in 

shapeo It is approximately the same temperature at which mobility of nickel atoms 

may be expected, as the Tammann temperature lies within this range. The drop in 

activity greatly exceeds the fall of specific surface during sintering. This 

suggests the existence of some intensive activity factor present in very small 

particles, over and above the effect of surface* 
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